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Abstract
Granzyme B is the prototypic member of a family of serine
proteases localized to the cytolytic granules of cytotoxic
lymphocytes. Together with another granule protein, perforin,
granzyme B is capable of inducing all aspects of apoptotic
death in target cells. A number of granzyme B substrates have
been identified and it has been demonstrated that granzyme B
is responsible, directly or indirectly, for the morphological
nuclear changes observed in target cell apoptosis, including
DNA fragmentation. In an earlier study, we showed that
granzyme B binds to a nuclear protein in a manner dependent
on its enzymatic activity. Here, we demonstrate that
granzyme B is translocated rapidly to the nucleus in cells
that have been induced to undergo apoptosis by a granzyme-
dependent process, and that translocation is dependent on
caspase activity. Appearance of granzyme B in the nucleus of
target cells precedes the detection of DNA fragmentation.
Although not directly responsible for DNA fragmentation,
these data suggest a nuclear role for granzyme B in target cell
apoptosis. c-Abl nuclear functions. Cell Death and Differentia-
tion (2000) 7, 17 ± 24.
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Introduction

Apoptosis of target cells induced by cytotoxic T lymphocytes
(CTL) includes complete dismantling of the target by initiation

of the apoptotic process at numerous stages. One of the key
apoptotic proteins is granzyme B which, with perforin, is
contained in the cytolytic granule of the CTL. Upon
engagement of the target cell, the CTL secretes the contents
of its cytolyic granules into the microenvironment of the target
cell.1 ± 4 New reports have shown that granzyme B enters the
target cell by receptor mediated endocytosis independently of
perforin, however, perforin is required to initiate granzyme B-
mediated apoptosis.5,6 Granzyme B is then brought into
contact with cytoplasmic substrates, notably caspase-3, as
part of the activation of the apoptotic program. In addition to
cytoplasmic apoptotic events involving caspase activation,
there is a growing body of evidence suggesting a role for
granzyme B in nuclear apoptosis.7 ± 10

Disintegration of the nucleus is an integral step during
apoptosis.11 Nuclear condensation and chromatin margina-
tion are events that were observed early in the study of
apoptosis. These morphological observations were followed
by the biochemical description of nuclear breakdown, which
involves nucleolytic breakdown of DNA into multimers of
internucleosomal sized fragments.12,13 This `laddering'
effect, first described by Duke et al.14 has become one of
the signature features of apoptosis. Nuclear condensation,
another hallmark morphologic feature of apoptosis, appears
to occur through proteolytic breakdown of the nuclear
lamina. Lamins A, B and C provide the framework on which
the nuclear envelope is supported.15 Lazebnik et al.16 and
Takahashi et al.17 have shown that cleavage of lamin A
can be attributed to caspase-6.

Granzyme B is known to participate indirectly in nuclear
apoptotic events, such as DNA fragmentation, through the
activation of caspase-3. Active caspase-3 subsequently
cleaves the inhibitor of caspase activated deoxyribonu-
clease (ICAD18 or DFF19) leading to the activation of the
nuclease, caspase-activated deoxyribonuclease (CAD),20

as well as nuclear condensation through the activation of
caspase-6.16,17 There is a growing body of evidence
suggesting a direct nuclear activity for granzyme B17,21,22

and that nuclear uptake of granzyme B into isolated nuclei is
energy independent, but requires the presence of a cytosolic
factor(s).23 Granzyme B binds to a nucleolar protein
associated with heterochromatin in situ,7 and we now show
that granzyme B undergoes rapid nuclear translocation in
target cells prior to the onset of DNA fragmentation.
However, accumulation of granzyme B in the nucleus is
drastically reduced when caspase-3-like caspases are
inactivated. These studies outline the contribution of
granzyme B to such nuclear events as DNA fragmentation,
nuclear condensation and lamin proteolysis and demon-
strate that although not directly required for DNA fragmenta-
tion, there was significant accumulation of nuclear
granzyme B prior to the onset of DNA fragmentation. We
also demonstrate the catalytic requirements of granzyme B
for its nuclear translocation. These results provide evidence
to support the notion that, in addition to the cytoplasmic
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Figure 1 Nuclear translocation of granzyme B is associated with DNA fragmentation. Jurkat targets were incubated for 60 min to allow uptake of granzyme B. After
washing, cells were treated with perforin (a) and Ad2 (b). Cells in all panels were labeled with anti-granzyme B antiserum and Texas Red-conjugated goat anti-
rabbit antibody (red) and by TUNEL with dUTP-FITC (green). (A) Shows a cell in the early stages of DNA fragmentation prior to nuclear condensation shown in (B).
Regions of co-localization appear yellow. Scale bar is 7.5 mm

Figure 2 Quantification of nuclear granzyme B. (A) Granzyme B was added to the media of Jurkat targets for 60 min followed by addition of perforin or Ad2. In all
panels, nuclear granzyme B was quantified as described in Materials and Methods and apoptosis was assayed using fluorescent TUNEL in situ. (B) COS M5 cells
were transiently transfected to express granzyme B or the active site mutant, granzyme B[S183A]. At 48 h, Ad2 or perforin was added for 60 min. In one treatment z-
DEVD-fmk was added for 30 min prior to the addition of perforin or Ad2. (C) and (D) Time course of the appearance of nuclear granzyme B and apoptosis in Jurkat
target cells treated with granzyme and Ad2 (C) or perforin (D). Each data point represents the average of triplicate samples from at least three experiments
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activities of granzyme B and its indirect association with
nuclear breakdown, granzyme B may also play a direct role
in nuclear apoptosis of target cells.

Results

Cell death is concomitant with nuclear
translocation of granzyme B

It has been proposed that granzyme B, in addition to cleaving
cytosolic substrates, contributes to apoptosis through a

mechanism that involves entering the nucleus.7 ± 9 There-
fore, we asked if, after exposure to granzyme B, treatment
with perforin or type 2 adenovirus (Ad2) resulted in
translocation of granzyme B to the nucleus. Jurkat and
YAC-1 target cells were incubated with granzyme B and
then exposed to sublytic doses of perforin or Ad2.
Granzyme B was detected by immunolabeling and apoptosis
assessed either by fluorescence TUNEL or DAPI stain and
viewed by confocal laser scanning microscopy (CLSM) or
fluorescence microscopy, respectively. Typical TUNEL
positive Jurkat cells following treatment with granzyme B
and perforin or Ad2 are shown in Figure 1A,B. Granzyme B
was no longer observed in the distinct punctate vesicular
pattern described in an earlier report;5 rather, significant
nuclear labeling of granzyme B was observed associated with
regions of TUNEL label.

In order to quantify the accumulation of nuclear
granzyme B, the NIH-Image software was used to analyze
digital confocal micrographs to determine nuclear levels of
granzyme B. Black and white micrographs were sharpened,
edged and analyzed by counting grains of positive pixels
with signals above a pre-set threshold. Jurkat cells pre-
treated with granzyme B had less than 10% of the total
granzyme B label in the nucleus after 2 h (Figure 2A). This
was considered to represent background for quantification
by this method since it is comparable to the level of nuclear
granzyme B observed in COS cells transiently transfected
to express granzyme B (Figure 2B). After treatment with
perforin, up to 57% of the total granzyme B was nuclear.
Ad2 infection of granzyme B treated cells resulted in even
greater levels of nuclear granzyme (480% nuclear).
Interestingly, detection of granzyme B in the nuclei of
target cells preceded DNA fragmentation and cell death
(Figure 2C).

Enzymatic activity of granzyme B is required for
apoptosis and for efficient entry into the target cell
nucleus

We next asked if catalytically active granzyme B was
necessary for nuclear translocation and DNA fragmenta-
tion. In the first approach, the cellular distribution of
inactive granzyme was determined. Granzyme B was
chemically inactivated with the serine protease inhibitor,
3,4-dichloroisocoumarin (DCI), which is known to inhibit
granzyme B activity.24 DCI-inactivated granzyme B was
then added to target cells in the presence and absence
of Ad2. Cells were immunolabeled for detection of
granzyme B and analyzed by CLSM. The distribution of
granzyme B in targets treated with the inactive protease
alone was limited to the cytoplasm. However, following
treatment with Ad2, the inactive granzyme underwent
translocation to the nucleus (Figure 2A). Prior inactivation
of granzyme B with DCI reduced the amount of nuclear
granzyme signal, but still showed nearly half of the total
granzyme B localized in the nucleus within 60 min following
Ad2. Importantly, the target cells did not display evidence
of DNA fragmentation by terminal deoxynucleotidyl
transferase-mediated dUTP nick end lableing (TUNEL) or
phosphatidylserine externalization from the inner to the

Figure 3 Apoptosis, but not nuclear translocation of granzyme, of COS M5
expressing granzyme B is dependent on the presence of an active enzyme.
COS M5 were transfected with granzyme B (A and B), or granzyme B[S183A]
(C) followed by buffer (A) Ad2 (B and C). Cells in all panels were labeled with
anti-granzyme B antiserum and Texas Red-conjugated goat anti-rabbit
antibody (red) and by TUNEL with dUTP-FITC (green). Regions of co-
localization appear yellow. Scale bar is 10 mm
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outer leaflet of the plasma membrane as detected by
annexin V-FITC binding (data not shown).

In a second approach, trafficking of granzyme B was
evaluated in COS M5 cells that expressed either active
proteinase or the active site mutant, granzyme B[S183A].

After Ad2 stimulation of transfected COS cells, granzy-
me B positive cells displayed a high level of nuclear
granzyme B and were essentially 100% TUNEL positive
(Figures 2 and 3). COS M5 cells expressing granzy-
me B[S183A] also displayed Ad2 dependent nuclear
labeling of granzyme B, but were not TUNEL positive
(Figure 3C). Analysis of CLSM micrographs showed there
was a fivefold increase of granzyme B in nuclei of cells
treated with granzyme B[S183A] active site mutant (Figure
2B,D) compared with cells in the absence of any
granzyme B treatment. It is important to note the increase
in relative nuclear inactive granzyme B in the absence of
DNA fragmentation and TUNEL reactivity. However, the
level of nuclear granzyme B[S183A] was lower than wild-
type granzyme B. Results from these two approaches
demonstrate that nuclear translocation of granzyme B is

Figure 4 Inhibition of caspase-3 inhibits DNA fragmentation but not nuclear translocation of granzyme B. Jurkat targets were treated with z-DEVD-fmk for 30 min
prior to incubation with granzyme B for 60 min and perforin (A) or Ad2 (B) for an additional 60 min (all at 378C). Cells were labeled with a-granzyme B and Texas
RedTM-conjugated secondary antibody and TUNEL with dUTP-FITC. A lack of green label in these cells is indicative of the absence of DNA fragmentation.
However, there is a significant nuclear accumulation of granzyme B. Scale bar is 10 mm

Figure 5 Nuclear condensation occurs in the absence of DNA fragmentation:
inhibition of caspase-3 inhibits DNA fragmentation but not nuclear
condensation. (A) and (B) show Jurkats that were incubated for 60 min to
allow uptake of granzyme B. Cells were washed and incubated with the
caspase-3 inhibitor, z-DEVD-fmk, followed by treatment with sublytic levels of
perforin (A) and Ad2 (B). Cells were stained with DAPI for nuclear morphology.
COS M5 expressing granzyme B and granzyme B[S183A] treated with sublytic
levels of perforin, stained with DAPI, are shown in (C) and (D) respectively.
Arrows highlight examples of condensed nuclei in apoptotic cells. Scale bar is
10 mm

Figure 6 Granzyme B does not directly cleave lamin A. Radiolabeled Lamin A
was produced by coupled in vitro transcription and translation. Caspase-3 was
produced in the same manner to serve as a positive control. Translation
products were incubated in the noted concentration of granzyme B for 60 min
at 378C and run on a 10% polyacrylamide gel, fixed in enhancing solution and
exposed to X-ray film
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not absolutely dependent on enzymatic activity, but is
markedly increased when the active enzyme is present.
However, the use of inactivated or mutant granzyme B
resulted in the complete absence of the biochemical and
morphological indicators of apoptosis.

Caspase-3 is involved in granzyme B-mediated
DNA fragmentation, but not nuclear condensation

Granzyme B has been shown to cleave and activate
caspase-3 in vitro25 and to be processed in targets
exposed to either whole CTL or the combination of
granzyme B and Ad2.5,26 To investigate the role of
caspase-3 in the development of apoptotic morphology,

the effect of the inhibitor of caspase-3-like caspases,
benzyloxycarbonyl-Asp-Glu-Val-Asp-fluoromethyl ketone (z-
DEVD-fmk), was evaluated in our model system. In the
presence of z-DEVD-fmk, Jurkat and COS M5 targets
treated with granzyme B and Ad2 failed to develop TUNEL
reactivity (Figure 4), suggesting that the inhibitor prevented
the form of DNA fragmentation recognized by this
technique. Despite the absence of DNA fragmentation,
immunolocalization studies demonstrate that the amount of
granzyme B detected in the nucleus was drastically
reduced when caspase-3-like caspases were inactivated
with z-DEVD-fmk, suggesting that some caspase-3-
dependent event may facilitate translocation of granzyme
into the nucleus (Figures 2 and 3).

To test the hypothesis that nuclear condensation was
not mediated by caspase-3, we assessed nuclear
morphology of target cells labeled with the DNA binding
dye, DAPI. Cells that were treated with z-DEVD-fmk
followed by granzyme B and Ad2 or perforin are shown
in Figure 5. Although these cells were not TUNEL positive
(Figure 4), many showed signs of condensed nuclei.
(Figure 5). These results demonstrate that nuclear
condensation in granzyme B-mediated apoptosis is
mediated via some activity other than caspase-3. These
data support the notion that granzyme B-dependent DNA
fragmentation is mediated through activation of caspase-3
or another caspase and that the granzyme induces
nuclear condensation indirectly, likely through the activa-
tion of the laminase, caspase-6.

Proteolytic degradation of the nuclear lamina is an
integral step in the dismantling of an apoptotic cell.
Although caspase-6 (Mch2a) has recently been shown to
be responsible for laminase activity in HeLa nuclei, there
remained the possibility that cleavage of lamin A was due
to granzyme B activity in granule-mediated killing of
targets. To test the potential proteolytic activity of
granzyme B toward lamin A, we used lamin A that was
transcribed and translated in vitro from the full length open
reading frame cDNA cloned into the expression vector
Bluescript pSK+. 35S-Met lamin A was incubated for
30 min in the presence of granzyme B. Caspase-3, which
was generated in the same manner to avoid the possibility
of inhibitors being present in the translation mixture, was
used as a positive control for granzyme B activity.
Granzyme B, in amounts sufficient to cleave caspase-3,
did not cleave lamin A. (Figure 6).

Loss of membrane asymmetry is not dependent on
nuclear translocation of granzyme B

To test the involvement of nuclear granzyme B in cytoplasmic
aspects of apoptosis, we performed granzyme B killing
assays on enucleated target cells. Jurkat cells were treated
with 2 mg/ml cytochalasin B for 30 min at 378C and then
centrifuged at 80 0006g for 30 min over a discontinuous
Percoll gradient to separate enucleated cytoplasts from intact
cells and nuclei. Cytoplasts were treated as above with
granzyme B and Ad2 for 30, 60 and 120 min and apoptosis
was assessed by the binding of annexin V-FITC to
phosphatidylserine moieties displayed on the extracellular
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surface of the plasma membrane. Analysis by flow cytometry
showed that there was no reduction in the amount or kinetics
of phosphatidylserine flip observed in granzyme B/Ad2-
treated cytoplasts compared with intact targets that were
isolated from a similar Percoll gradient in the absence of
cytochalasin B (data not shown). This demonstrates that
nuclear translocation of granzyme B is not required for the
exposure of phosphatidylserine on the extracellular face of the
plasma membrane.

Additionally, we also assessed the changes in mitochon-
drial inner membrane potential, DCm, and the cleavage of
caspase-3 in granzyme B/Ad2-treated Jurkat and Jurkat
cytoplasts. We observed the appearance of the p17 subunit
of processed caspase-3 in both the nucleated and
enucleated targets with similar kinetics (Figure 7). Further,
staurosporine-treated Jurkat cells and cytoplasts displayed
similar caspase-3 cleavage. We did not observe any
reduction in the loss of DCm in enucleated target
cytoplasts as compared to DCm loss in Jurkat cells
(Figure 7C).

Discussion

In this report we demonstrate that granzyme B is rapidly
translocated to the nucleus of target cells that are fated to
undergo apoptosis. Earlier we demonstrated that granzyme B
enters the target cell autonomously and resides in an
intracellular vesicle unless perforin or Ad2 is added to the
target.5 Once perforin is added, the appearance of nuclear
granzyme B precedes the onset of DNA fragmentation. The
mechanism that results in nuclear localization of granzyme B
is unclear. Granzyme B does not contain a linear or bipartite
nuclear localization signal,27,28 nor is the granzyme involved
in known processes of nuclear import.21 There remains a
distinct possibility that translocation is facilitated by a carrier
protein.28,29

Activation of caspase-3 by granzyme B has been shown
to be required for granule-mediated apoptosis.25 To
investigate the involvement of caspase-3, we used an
irreversible substrate analog inhibitor, z-DEVD-fmk, which
inhibits caspase-3-like caspases. The localization of
caspase-3 in the cytosol and the necessity of caspase-3
to produce DNA fragmentation suggests that granzyme B
cleaves caspase-3 in the cytoplasm prior to nuclear
translocation of both proteinases, where caspase-3 is
responsible for cleaving poly(ADP-ribose) polymerase
(PARP) and other nuclear substrates.30,31 Consistent with
published reports of the localization of caspase-3,32,33 we
observed a cytoplasmic labeling pattern for caspase-3 in
Jurkat cells that were not undergoing apoptosis (data not
shown). Since granzyme B does not require a target cell
nucleus for cleavage of caspase-3, then presumably this
event is prior to granzyme B being translocated to the
nucleus. Also, given that translocation of granzyme B into
the nucleus is diminished in the presence of the caspase-3
inhibitor, z-DEVD-fmk, it is possible that some caspase-3-
mediated event is prior to translocation of granzyme B.
However, it is also possible that there is some other
inhibitory effect(s) of z-DEVD-fmk, but it is not likely to be
as a result of inhibition of known caspases (notably

caspase-8) since granzyme B has been clearly demon-
strated to cleave caspase-3 and other effector caspases
directly.25,26,34,35

DCI-inactivated granzyme B was observed inside the
targets and, after addition of perforin or Ad2, was
translocated to the nucleus, but at reduced levels. DNA
fragmentation, however, was not observed in these cells. It
is unlikely that this is due to incomplete inactivation of the
proteolytic activity as perforin and Ad2 both stimulated
nuclear translocation of catalytically inactive granzy-
me B[S183A] in COS cells without DNA fragmentation.
However, when catalytically active protease was used in
these two models for granzyme B delivery, DNA fragmenta-
tion was always observed. From these results we
concluded that enzymatic activity of granzyme B, although
not required for binding and internalization,5 facilitates
efficient translocation to the nucleus and is essential for
cell death. Given that we observed a reduced, but
significant translocation of enzymatically inactive granzy-
me B, we cannot rule out the possibility of a granzyme B-
independent activation of caspase-3, or similar caspase,
that facilitated a limited nuclear translocation of granzyme.
Interestingly, it has recently been shown that catalytically
inactive granzyme A still retains the ability to induce
membrane damage in target cells.36

When cells were treated with z-DEVD-fmk there was an
abrogation of DNA fragmentation. Strikingly, nuclear
condensation was still observed in these cells. This
suggests that, although granzyme B-mediated DNA frag-
mentation is dependent upon caspase-3 activation,
granzyme B acts on nuclear substrates to cause nuclear
condensation.37

Lamin proteolysis is believed to be one of the key
steps in dismantling of the apoptotic nucleus. Since we
had observed nuclear condensation in the absence of
DNA fragmentation, it was apparent that lamin proteolysis
was occurring in the absence of active caspase-3. We
used in vitro transcribed and translated lamin A to test
lamin A as a possible substrate for granzyme B. With
amounts of granzyme sufficient to cleave caspase-3, we
observed no cleavage of lamin A. Since granzyme B did
not cleave lamin A in vitro, it is likely that granzyme B
triggers nuclear condensation through the activation of
other proteases that are not inhibited by the caspase-3
inhibitor, z-DEVD-fmk.

By using enucleated target cells we have addressed the
question of the possible involvement of nuclear granzyme B
in the cytoplasmic events commonly observed in apoptosis.
Since the nucleus was not necessary for granzyme B to
induce phosphatidylserine flip, loss of DCm or caspase-3
cleavage, we conclude that the relevance of nuclear
granzyme B is restricted to events required for apoptotic
degradation of the target cell nucleus. It is important to note
that although the target cell nucleus is dispensable for the
cytoplasmic events in granzyme B-mediated apoptosis, the
importance of the nuclear events should not be discounted,
since the nucleus is a major component of physiological
targets of cytotoxic T cells. The possibility of microinjecting
granzyme B directly into the nucleus may provide us with
further insights into the role of nuclear granzyme B.
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Jans et al.38 demonstrated that perforin is required for
granzyme B to translocate to the nucleus in cells that were
mechanically disrupted to permit the movement of granzyme.
In a previous report, we established that granzyme B
recognizes a nuclear protein associated with heterochroma-
tin.7 Here we add further evidence to suggest a nuclear role for
granzyme B, by demonstrating that granzyme B is rapidly
translocated to the nucleus upon induction of apoptosis in
vivo. Nuclear translocation of granzyme is not absolutely
dependent on enzymatic activity but is enhanced when the
active protease is present. We also show that DNA
fragmentation, which follows the appearance of nuclear
granzyme B, is dependent on active granzyme and is
mediated through activation of casapse-3, whereas nuclear
condensation mediated by granzyme B occurs independently
of caspase-3.

Materials and Methods

Cells and reagents

Jurkat and COS M5 cells were cultured as previously described.5 Jurkat
cytoplasts were produced by treatment of Jurkat in 2 mg/ml
cytochalasin B (Sigma) for 30 min at 378C followed by centrifugation
over a Percoll gradient of 25, 16 and 12% for 30 min at 80 0006g. The
cytoplasts were collected from the top (least dense) layer and washed
three times in media to remove Percoll and cytochalasin B. As a control
for the treatment, Jurkat that were not treated with cytochalasin B were
also run over a Percoll gradient and were collected from the interface
between the 12 and 16% Percoll.

Granzyme B constructs in the vector pAX142 were transiently
transfected into COS M5 fibroblasts by standard DEAE-dextran
protocol as previously described.38 Enzymatic activity of mature
granzyme B was assayed by cleavage of the synthetic substrate tert-
butyloxycarbonyl-Ala-Ala-Asp-thiobenzylester in the presence of the
chromogenic indicator dithiobis(2-nitrobenzoic acid) as described.39

Antisera against residues 9 ± 16 of granzyme B, provided by
Dorothy Hudig (University of Nevada, Reno, NV, USA) was generated
as previously described.7 Goat anti-rabbit-FITC, goat anti-rabbit-
Texas RedTM, goat anti-mouse Texas RedTM and mouse anti-rabbit
rhodamine secondary antibodies were purchased from Jackson
Immunoresearch. Rabbit polyclonal antisera recognizing the p17
subunit of caspase-3 was provided by Don Nicholson (Merck Frosst,
Kirkland, Quebec, Canada).

Perforin and granzyme B were purified from the human cytolytic
cell line YT, as previously described.40 Granzyme B and Type 2
adenovirus (Ad2), purified according to Seth et al.41 was kindly
provided by Dr. Chris Froelich, Northwestern University, Evanston,
Illinois. Wild-type murine granzyme B and an enzymatically inactive
mutant granzyme B[S183A] were expressed using the pAX142
expression vector by transient transfection of COS-M5 cells as
described previously.39

Induction of apoptosis

Granzyme B was added directly to Jurkat target cells at 1 mg/ml in
RPMI supplemented with BSA (0.05% w/v). Sublytic doses of perforin
were used at 90 U/ml, where one unit is defined in the standard sheep
red blood cell hemolytic assay. Cells were washed in media prior to
further treatment.5 Volumes equivalent to the incubation volume were
used for each wash. Infection with Ad2 was performed in RPMI with

BSA (0.05%), as noted above for granzyme B, at a multiplicity of
infection of ten plaque forming units per cell. Transiently transfected
COS M5 cells were treated with Ad2 or perforin, as described above,
without prior treatment of granzyme B. Inhibition studies with caspase-
3 inhibitor benzyloxycarbonyl-Asp-Glu-Val-Asp-fluoromethyl ketone
(z-DEVD-fmk) (Kamiya, Seattle, WA, USA) were performed by
incubating target cells in the presence of the inhibitor (20 mM) for
30 min prior to addition of perforin or Ad2. All cells were incubated at
378C unless otherwise noted.

Assessment of apoptosis

Nuclear morphology was assessed by staining with the DNA-binding
dye, 4,6-diamidino-2-phenylindole-dihydrochloride (DAPI). Cells were
permeabilized for 15 min in 0.1% saponin in PBS prior to labeling and
incubated for 15 min in DAPI at 1 mg/ml in PBS/saponin. Visualization
of DAPI-stained cells was performed with a Zeiss fluorescence
microscope. Phosphatidylserine externalization from the inner to the
outer leaflet of the plasma membrane was assayed by measurement of
annexin V-FITC binding (Clontech) to live cells in bulk culture by flow
cytometry with a Becton-Dickinson FACSCAN. Cells were analyzed
within 15 min following the addition of annexin V-FITC. DNA
fragmentation was assessed in situ by the TUNEL method42 using
terminal transferase and dUTP-FITC (Boehringer Mannheim Corp.) in
saponin-permeabilized cells. TUNEL-labeled cells were assayed by
fluorescent microscopy as described in detail previously.5 The inner
mitochondrial membrane potential (DCm) was measured using 3,3'-
dihexyloxacarbocyanine iodide (DiOC6(3)) as previously described.43

Detection of caspase-3 cleavage was determined by Western blotting
as described previously.35

Jurkat cells were attached directly to glass microscope slides by
centrifugation for 15 s at 6006g. COS M5 cells were grown directly
onto 0.5 mm glass coverslips. All cells were fixed immediately in
paraformaldehyde (2% w/v in PBS) and washed in PBS prior to
permeabilization and immunolabeling. Cells were labeled as
previously described5 and viewed with a Zeiss fluorescence
microscope or by confocal laser scanning microscopy and analyzed
with the accompanying CLSM software (CLSM; Leica, Heidelberg,
Germany). Images were acquired by 32- or 64-line scan averaging
using 1006/1.32 N.A. objective under oil immersion.

Adherent cells were grown directly onto glass cover slips and cells
from suspension cultures were affixed to glass microscope slides by
centrifugation for 15 ± 20 s at 6006g in a Cytospin centrifuge. Cells
were fixed in either 1% formalyn or 2% paraformaldehyde for 15 min,
washed in PBS for 15 min before labeling.

For immunolabeling, cells were permeabilized in saponin (0.1%
w/v in PBS) for 15 min and blocked in non-fat milk powder (3% w/v in
PBS-saponin) for 30 min at room temperature (RT). Primary anti-
granzyme antiserum was added in blocking solution at a dilution of
1 : 100 and incubated for 30 ± 60 min at RT, washed three times in
PBS-saponin and incubated in fluorophore-conjugated secondary
antibody for 30 ± 60 min at RT. Cells were washed three times in PBS-
saponin, dried, mounted and assessed visually within 48 h.

Quanti®cation of CLSM images

Digital images acquired on the confocal laser-scanning microscope
were analyzed with the NIH-Image Software to determine the relative
level of label corresponding to granzyme B in the cytoplasm and
nucleus in TUNEL positive and negative cells. Black and white images
were sharpened, edged and thresholded. The Grain Counting Macro
was used to count pixels corresponding to immunolabel.
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